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President-MACDONALD CR1TCHLEY, M.D., F.R.C.P. [January 8, 1953] DISCUSSION ON THE USE OF ISOTOPES IN NEUROLOGY Professor W. V. Mayneord:
Introduction.-Several centres in this country have now had some five or six years of experience in the use of the new radioactive materials. Very interesting and useful years they have proved, but the time has arrived when we may begin to see, not only some of the possibilities but also some of the fundamental limitations of their use. I propose, therefore, to devote some of my time to this salutary, even if somewhat depressing, task of discussing what we may not, as well as what we may, expect to be able to do. Types ofproblems.-Let us therefore look at the kinds of problems we may expect to be able to attack by using radioactive isotopes.
With the possible exception of tritium, the metabolism of the radioactive materials, if administered in very small amounts, is exactly the same as that of their non-active counterparts. The fadioactive materials emit alpha, beta or gamma rays over a wide range of energies and, therefore, penetrations, each material emitting a characteristic radiation and decaying exponentially at an equally characteristic rate. The alpha ray emitters are few and of little interest so that we have, in practice, to deal with materials such as P32, emitting pure beta radiation travelling only a few millimetres in soft tissues, or Na24 emitting both penetrating gamma rays and beta rays; 1131 again emits a mixture but gamma rays of much less penetration. Recently I have found much interest in such materials as thulium170 or xenon133 which emit gamma rays of so low an energy as to simulate the low voltage X-rays used in diagnosis.
With suitable detectors we may therefore study the metabolism of particular elements (or stable compounds containing them) in the body, and use such studies to scrutinize and compare normal and pathological processes. By introducing much larger amounts of the same materials we may hope to influence metabolism, as for instance the growth of malignant cells, and thus make use of the radioactive substances therapeutically. In the first instance the amount of material administered to the animal or patient will be as small as possible and limited by the sensitivity of the means of detection. In the second, the amount may be thousands of times larger and often, I fear, limited to our estimate of the maximum amount we dare to give, since, in general, the concentration of radioactive material in the tissue to be treated is barely sufficient. I leave aside deliberately the interesting possibilities of use of large extended sources of radioactive isotopes after the manner of an X-ray tube and continue with the problem of internal administration.
If a radioactive material be administered to a patient, the physical problem upon which all else depends is its distribution in the body, depending upon the natural history of the material, its degree of concentration in various tissues, cells or parts of cells, its rate of excretion and the variation of these quantities with time. Our own interests lay particularly in the localization and possible treatment of tumours of the brain and it was natural therefore to study by various methods the amounts of radioactive materials taken up in these tissues. I will discuss these applications in particular, but radioactive isotopes have already been used in a wide range of experimental work in neurology, as for example studies of the spread of radioactive proteins in the nervous system of rabbits, studies of the penetration of sodium and phosphate ions from the plasma into regions of active nerve tissue, or investigations into aural endolymph and perilymph.
Methods of investigation.-It may be helpful to describe the chief methods available for the study of the radioactive content of tissues.
Let us imagine first that biopsy specimens are available and reasonable counting facilities. The specimen of tissue may perhaps be digested in KOH and the resulting liquid placed in a so-called "liquid counter" consisting of a thin-walled Geiger counter surrounded by an outer vessel containing the liquid (Veall and Vetter, 1952) . The number of counts per second is recorded in the usual way and by suitable calibration with a solution containing a known amount of the radioactive material, the content of the tissue may be estimated. This avoids the difficult absolute calibration in terms of geometry of counter and solution. This method is still probably the most generally useful and most sensitive.
An interesting alternative has been developed by my colleague, Dr. E. H. Belcher (1951) , and consists of a scintillation counter using a liquid scintillation medium surrounding the specimen, now contained in a small glass tube. This method has the advantage of requiring no chemical treatment and is particularly useful, for example, for small samples of blood. The scintillating medium (aa' terphenyl in xylene, for example) is in optical contact with the photo-cathode of an electron-multiplier. Each beta particle causes a small flash of light in the medium, Wvhich releases electrons from the APRIL-NEUROL. 1 Proceedings of the Royal Society of Medicine 16 photo-cathode; these electrons are amplified many millions of times in the multiplier and the resulting electrical pulse still further amplified and counted.
In some important instances it may be possible to insert a detector actually into the tissues of interest. Naturally such instruments have in general to be as small and mobile as possible, as well as easily sterilized and robust if to be used in an operating theatre. These demands have led to the development of "needle counters" of two types, one a Geiger counter and the second a scintillation system. The former is probably at present the most useful and consists of a thin-walled stainless steel probe about 2-3 mm. in diameter leading to a small glass reservoir of gas (ethyl formate and argon) at 3 atmospheres pressure, electrodes being so designed and constructed as to constitute a Geiger counter sensitive over only a length of about 12 mm. In both America and Great Britain of testing and comparing these counters. Details are available to those interested, but generally we may say that the performance of the two instruments seems to differ little, but cost and availability are heavily on the side of the British equipment. The sensitivity is high, being of the order of 0*7 count/sec. per m,uc/ml. when immersed in a solution of P312 and about 3 counts/sec. for K". To fix orders of magnitude, when about 1 mc. of K'1 has been administered to a patient the concentration in a cerebral tumour is often of the order of 7 m,c/gm. and in normal tissues perhaps 0.S mpc/gm. The counting rates usually correlate reasonably with the liquid counter estimations of tissue specimens. Such needle counters can be used to explore the brain at operation, typically 15-20 counts/sec. in tumour and 2-3 counts/sec. in normal brain being observed. We have ourselves spent some considerable effort in an attempt to develop scintillation needle counters with some success. A very fine slip of crystal (Nal) is mounted and inserted into a hollow needle which is filled with a "light guide" of lucite (Perspex), the light being thus conveyed to an electron-multiplier. It is, however, very difficult to maintain good optical contact of crystal and Perspex, while the small size of the crystal and low optical efficiency make for very small light pulses with consequent complexity of subsequent electronic equipment. The multiplier must be cooled with liquid nitrogen to obtain maximum sensitivity, and the flexibility of the light guide system is consequently small and the equipment not very suitable to use in the theatre. The sensitivity for beta rays can hardly be higher, and is sometimes lower than that of a Geiger system since the efficiency for either system is often close to 100%. Recently we have developed methods of moulding crystals into Perspex which may improve the situation but, except in the laboratory for fundamental physical investigations, the Geiger system would seem to be best adapted to clinical use.
Both types of needle may be used in other investigations as, for example, the investigation of the uptake of P32 in an amputated breast carcinoma, the sensitivity of the scintillation counters made by us being of the order of 0-3 count/sec. per mpc/ml. Clinical investigations.-We may illustrate the use of these techniques by the results of our investigations into the uptake of radioactive materials in normal brain and various types of tumours first of all using radioactive phosphorus P82.
Stapleton, McKissock and Farran in 1951 studied the uptake of P32 in normal brain and brain tumours, expressing the activity in terms of the average specific activity of the whole body, using a liquid counter method. Normal cerebral tissue in the adult has less than half (mean 27%) the average specific activity of the body, while normal adult cerebellar tissue tends to have even lower values (mean 15 %). Satisfactory specimens of both tumour and normal brain tissue were obtained in only 13 of 34 patients and in 12 of these the radioactive phosphorus was concentrated in the tumours in greater amount than in normal brain tissue, values of the ratio of concentrations varying from 2 to 34: 1. For details of correlation of pathology and uptake the original paper (Stapleton, et al., 1952 ) must be consulted. There is probably considerable variation in specific activity within the tumour itself.
It is of interest that the concentration of P32, though easily detectable, is not such as to enable the substance to be used therapeutically. For such purposes a concentration of the order of hundreds. is required. Unfortunately, too, owing to the low penetration of the beta rays, the concentration cannot be detected outside the intact skull though perhaps further study of the possibilities of the use of the high energy X-rays emitted might be profitable.
Recent investigations making use of K'2 (emitting 3*6 MeV and 2- 1 5 MeV gamma rays) have given encouraging results. 'Unfortunately the time-relationships of uptake of K are complex and much more detailed analysis and work will be necessary before definite conclusions can be arrived at, but the results are important as indicating the possibility of the use of external counting methods of detection. The 20th Century Electronics needle counter has been used in the brains of 15 patients in the period 14.8.52 to 9.12.52. On one occasion the needle was bent through 200 at a point some 5 cm.
from the tip but was successfully straightened. Though the high energy of the beta rays from K42 (range 1 cm.) makes the determination of the limits of a tumour inaccurate, when comparison has been possible the ratios of uptake determined in situ agree reasonably with those determined from tissue specimens.
External counting.-The other important technique for the study of the radioactivity of tissues is the so-called "external counting". The problems are now quite different but perhaps more fascinating to the physicist. There is no need to emphasize the importance of localization of a tumour in an intact skull and it is therefore easily realized that such a technique is worthy of careful study.
We must now use a gamma-ray emitter since the rays must pass to the outside through considerable soft tissue and bone.
Much work has been done with Geiger counters placed near to the body containing radioactive materials, and attempts made to deduce therefrom the distribution of radioactive material in the body. From theoretical consideration of the problem I have, however, come to the conclusion that it is much more difficult than usually realized to deduce the distribution of radioactive isotopes and have therefore attempted to design and construct equipment with high resolving power and precision.
Here the scintillation system comes into its own, for the efficiency of gamma-ray detection by a
Geiger system is often only of the order of /% and a gain of some 10-50 times may be obtained with the scintillation system under at least as good geometrical conditions. This gain makes possible reasonable times of counting to obtain statistically significant results. The small compact nature of the detector is of great service when we have to design detectors with highly directional properties in small volumes. We may first describe equipment on these lines used by us in an attempt to use radioactive iodine in diiodofluorescein as a tracer for brain tumours (Belcher and Evans, 195Ia, b; de Winter, 1951) . The crystal of Nal is situated at the end of a light guide of Perspex which, again, conveys the light flashes to the multiplier (Fig. 2) . One of the main experimental difficulties is the fact that the multiplier itself gives a large number of "counts" owing to electronic emission from the photocathode and it was necessary for the highest sensitivity to cool the multiplier in liquid nitrogen. The method of cooling may be seen in Fig. 2 . The equipment is fitted with an arm and pointer which may be adjusted to a plaster skull cap worn by the patient (Fig. 3) and the British Medical Bulletin.) very exact, the problem being the inverse of that met in radiation therapy of accurately directing a beam of radiation. By suitable lead stops the crystal may be allowed to "see" varying volumes or alternatively the resolution studied experimentally under known conditions. We have studied both theoretically and experimentally the behaviour of the equipment using as a "phantom" a skull containing a gelatine solution whose activity (0-033 ,uc/ml.) corresponded to the order observed in the normal brain, experimental "tumours" of varying size, position and radioactive content being inserted for study. In this way the limits of detection may be defined and measured, as shown in the work of my colleagues (Belcher and Evans, 1951a, b) .
It was shown to be possible to detect lesions concentrating I131 provided that the concentration of activity in the brain was ten times that of the normal brain, and the size of lesion was greater than a certain minimum, depending on the depth. If the depth is 5 cm. the limiting volume was 14 ml., at the centre of the brain 36 ml. These results arise from careful geometrical and statistical studies. A Geiger counter gives such low counting rates as to require prohibitively long examinations to obtain statistically significant numbers of counts.
Recently equipment has been put on the market which, using improved E.M.I. multipliers and a crystal close to the photo-cathode and so used at much better optical efficiency, does not require cooling and with this equipment we have carried out other similar studies (Fig. 4) .
Again, we have carried this type of equipment a stage further (Mayneord and Newbery, 1952) in the development of a system which employs a highly directional detector scanning repetitively the tissue of interest (Fig. 5 ). Each scintillation is recorded photographically and an image of the projection of the radioactive distribution thus built up. Good images of radioactive thyroids have been obtained (Mayneord and Newbery, 1952) and Fig. 6 shows an example of a "tele-autograph" of a model thyroid superimposed on a pinhole picture of a model patient; the equipment is now being extensively redesigned and improved. It is hoped to produce, in addition, a good visual image of a radioactive distribution as well as photographic ones.
Although the equipment has not yet been used in brain work it seems that it may prove a valuable weapon in this field too, though the difficulties are great.
Use of radioactive diiodofluorescein.-We may conclude with a very short note on two sets of investigations in an attempt to repeat the work of Moore et al. (1950) and LeRoy et al. (1951) in the use of diiodofluorescein containing 1131 in the localization of brain tumours. Results of the first series have been published, by Belcher, Evans and de Winter (1952) . Briefly, with the scintillation counter system described, measurements were made on 34 patients taking great care in the application of the detector, statistical analysis of the results, and development of suitable methods of display of results.
In our hands the method has so far failed to give any definite information as to size and position of cerebral tumours in the great majority of cases investigated. The effect of vascular activity seems much greater than of the activity absorbed in the tissues. Four hours after a dose of 1 mc. only 20 tic. (2%) can be observed in the brain. This makes the influence of the rest of the body and particularly activity in the liver, of great importance. Here, indeed, we meet the main experimental difficulty in this external counting method. If the position of a radioactive mass is to be accurately located, a detector "seeing" only through a small aperture is required. Moreover, at a given moment the detector "sees" only a very small fraction of the total activity of the body and if the substance used emits penetrating gamma rays it is very difficult to shield satisfactorily from this stray radiation. The detection of a small increase in concentration in a given area is then fraught with great difficulty and we are at the moment setting up an "observation post" in which we hope to solve this problem more satisfactorily but it means heavy equipment and elaborate layout.
The counter due to Messrs. E. K. Cole has been used on 8 patients having K42 and studies made of the time variation of activity in liver, muscle, &c., and over the skull. This work will be continued with new equipment in the near future.
In all, we have developed and are developing a series of physical techniques of interest in neurology, which may well contribute in the future to notable advances in that science; and this, not merely directly, but through the new experimental physiology, biochemistry and pathology which may well arise.
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Finally, my thanks are due to the Medical Research Council and to the Nuffield Foundation for supporting these investigations. our knowledge about the mechanism by which peripheral nerve fibres conduct impulses has been derived from studies of their electrical behaviour. This is the most obvious method of approach, and also the only one whose time-resolving power is good enough to analyse the events in different phases of a single nerve impulse. However, it has recently become clear that the electrical changes in an active nerve,are intimately connected with a sequence of ionic movements. The "sodium hypothesis" put forward by Professor Hodgkin and his collaborators (Hodgkin, 1950 (Hodgkin, , 1951 postulates that the rising phase of the action potential-its front edge-is caused by an inward surge of current carried by positively charged sodium ions, while the falling phase which follows it is due to an outward current of potassium ions. The work I wish to describe was undertaken because it was obviously essential to obtain direct confirmation-by chemical methods as opposed to electrical ones-of the existence of these ionic movements, and to measure their absolute size as accurately -as possible.
Until the advent of flame photometry in the last two or three years, there has been no really simple method of agalysing the sodium and potassium contents of tissues and body fluids. The smallest quantity of either which can easily be determined by conventional techriques is about 10 microgrammes. Since the total sodium content of a single nerve fibre may be less tln 1 microgramme, even if it is a giant cephalopod axon, ordinary chemical procedures are not very helpful. Fortunately, both sodium and potassium have very convenient radioisotopes, which emit large amounts of strong and easily detected radiation, and these isotopes provide an ideal means for investigating ionic movements. Using Nam there is no difficulty in measuring quantities of sodium well under one-thousandth of a microgramme. All our work has been done with single giant axons-either those 0-5 mm. in diameter from the mantle of a squid, or 0-2 mm. axons from Sepia, the cuttlefish. Using isolated axons restricts the amount of experimental work that can be done, because the animals can only be obtained at certain times of the year, and because experiments are only possible for one or two days after delivery of -the short-lived isotopes, while the specific activity is still high. But only by using such axons can reliable absolute measurements be made, giving answers in terms of moles of Na or K moving across unit area of nerve membrane in unit time, and the results have to be in this form if they are to be correlated usefully with the electrical properties of the membrane.
The procedure for observing the movements of radioactive ions is as follows: axons are immersed for a few minutes in artificial sea water made up with Na" or K42 instead of inactive Na or K, and are then transferred to a thin-bottomed measuring chamber through which inactive sea water flows, and beneath which a Geiger tube is mounted. A series of counts are taken over several successive ten-minute intervals, followed by another immersion in the radioactive solution, and then a further series of counts. From the amount of Nam or K42 found to enter the axon during the short periods in the radioactive medium the inward "flux" of sodium or potassium ions can be calculated (in moles/cm. /sec.). The outward ionic fluxes are worked out from the rate at which the radioactivity of the axon decreases during the relatively long periods in inactive sea water. The axon can also be stimulated (generally at a frequency of 50/sec.) in both solutions, giving figures for the increases in ionic flux resulting from the passage of impulses. Experiments of this sort have shown that in an active nerve there is a marked increase in outward potassium flux and in inward sodium flux, as the sodium hypothesis would predict. They-have also shown that there is an appreciable turnover of sodium during activity, this again being consistent with the view that the sodium permeability of the nerve membrane is much higher than usual during the rising phase of the action potential.
In order to be able to work out the absolute sizes of the outward ionic fluxes, and to obtain reliable data for the net ionic movements during activity (as opposed to the turnover just mentioned), it is vital to know the total sodium and potassium contents of the axons. This was a stumbling block for some time, because no conventional method of microanalysis is nearly sensitive enough. Dr . Lewis and I eventually overcame the difficulty by using radioisotopes in a rather different way-applying the technique known as "radioactivation analysis" (Keynes and Lewis, 1951) . The principle is very simple. If a small piece of nerve-or any other biological tissue-is put in the big neutron pile at Harwell for a week, all the elements in it become more or less radioactive. It so happens that the Na and K become much more radioactive than anything else likely to be present, so that if the sample is then removed from the pile, and its radioactivity is compared with that of standard samples of Na2CO, and K2CO3 which have been irradiated in the same can at the same time, its total contents of Na and K can easily be calculated. This can be done without chemical separation of the Na24 and K42 in the sample, for while Na24 gives very penetrating y-radiation, K42 gives exceptionally strong n-particles, and their separate contributions can be worked out from counts taken with suitable filters, one very thick and the other fairly thin. A correction needs to be made for radiation given by traces of other radioisotopes (chiefly P3), but it is generally less than 2%.
This technique provides a method of microanalysis which is easy to use-as long as there is a neutron pile close by-and far more sensitive than any other. We first applied it to determine the net gain of sodium and net loss of potassium in a series of axons which had been heavily stimulated, and have subsequently used it for routine analyses of almost all the axons used in our tracer experiments.
Our present picture of the mechanism of a nerve impulse is thus that stimulation of the membrane, arising either from the application of a cathode or from activity in a neighbouring region of the nerve, causes a sudden increase in its permeability to sodium ions. Sodium rushes in, because the external concentration is much higher than the internal one, and this inflow of current shifts the membrane potential from its resting level to a new value where it is reversed by about 50 mV. Next the membrane loses its high sodium permeability, and becomes instead very permeable to K+ ions. The potassium concentration is highest inside, so there follows an outflow of current carried by potassium ions, bringing the membrane potential back to its original level. The impulse has passed, leaving the nerve with slightly more Na and less K than it had before. The tracer evidence I have just described agrees very well, both qualitatively and quantitatively, with this explanation of the events during nervous activity. So far, our work has been concerned wholly with non-myelinated invertebrate nerves, but recent studies of conduction in myelinated vertebrate nerves (Huxley and Stiimpfli, 1949, 1951) suggest that there the sequence of events is similar, except that the active changes in membrane potential are restricted to the nodes of Ranvier.
Obviously the story is still far from complete. In the living animal the sodium and potassium contents of the nerve fibres do not normally vary much, so that some recovery process must exist to extrude sodium and absorb potassium. This process will need energy to drive it, since both ions are being moved against their concentration gradients-from weak to stronger solutions-and it is here that the metabolism of the nerve becomes important. The recovery mechanism only needs to be able to deal with the average ionic interchange over relatively long periods, since the initial high K and low Na of the nerve provides an energy reserve which allows the conduction of short bursts of impulses without any re-charging. The problem as to exactly how the recovery mechanism works, and as to how metabolism is linked to it, is an extremely interesting one, and tracer methods are likely to prove an effective tool for investigating it. Professor Hodgkin and I have recently made a start at this work, and have found that certain metabolic poisons will reversibly reduce the rate of sodium extrusion by axons recovering from stimulation, to a very low value, without any marked effect on their excitability (Hodgkin and Keynes, 1953) . This is perhaps the point at which my remarks come closest to being of direct medical interest, but it will probably be some time before any clear picture of recovery emerges.
higher proportion of cases (nearing 100 %) before the method will replace others, such as arteriography and ventriculography, where the inherent danger is outweighed by the high proportion of accurate localizations.
The principle of the use of phosphorus in the detection of brain tumours is that there is a high concentration of phosphorus in a cellular tumour in comparison with the relatively sparse cell population of the surrounding brain. If a tracer dose of radioactive phosphorus is injected intravenously it is distributed throughout the tumour as it is throughout the rest of the body wherever phosphorus normally resides. The tumour may then be located by inserting into it a Geiger-Muller probe counter the same size and shape as an orthodox brain cannula. Since the beta particles given off by the phosphorus atom travel only 5 mm. through brain tissue the sensitive tip of the probe must be inserted to within that distance from the tumour before a high rate of count, and hence detection, is obtained. Thus the situation of the tumour can be determined with a considerable degree of precision The equipment required has been listed and illustrated in a previous report . It is cheap, simple to use, portable, and the all-metal probe is easy to sterilize and reasonably robust. One type of probe put on the market has a glass gas chamber, an external diameter of 3 mm. rather than 2 mm., and requires a modified technique for sterilization, all of which are practical disadvantages. The method may be applied in the following ways. (a) In securing needle biopsy specimens through a burr hole. Of 22 such procedures undertaken, 20 were successful in that positive biopsy specimens were obtained, and of the remaining 2, in one autopsy proved that no tumour was present, and in the other the probe had not been passed in the right direction; the tumour had been missed by a centimetre. This number of positive biopsy specimens was considerably higher than had been obtained before the use of the Geiger probe. (b) In planning the incision in the brain where the tumour lies deep and invisible. (c) In mapping the extent of a tumour and discovering its operability. On occasions it can give useful information regarding the presence of tumour left behind after excision has been performed.
The test is not specific for any type of tumour and the pathological variety cannot be deduced from the rate of counts, as the following table demonstrates:
